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NEGATIVE ELECTRODE FOR LITHIUM
SECONDARY BATTERY, LITHIUM
SECONDARY BATTERY USING SAME, AND
METHODS FOR MANUFACTURING THOSE

TECHNICAL FIELD

[0001] The present invention relates to a negative electrode
for a lithium secondary battery and a method for manufactur-
ing the negative electrode. The present invention also relates
to a lithhtum secondary battery using the negative electrode,
and a method for manufacturing the lithium secondary bat-

tery.
BACKGROUND ART

[0002] Inrecent years, as a negative electrode active mate-
rial for a non-aqueous electrolyte secondary battery, negative
clectrode materials containing an element capable of storing
and emitting lithtum 1ons reversibly and electrochemically
such as Si (silicon) or Sn (tin) have been drawing attention.
Using such a metallic element as a negative electrode active
material may achieve a larger negative electrode capacity
than using carbon materials such as graphite, which are typi-
cal conventional negative electrode active materials. Silicon,
for example, has a theoretical discharge capacity of about
4199 mAh/g, which 1s about 11 times larger than that of
graphite.

[0003] Thesenegative electrode materials, however, tend to
be greatly expanded as a result that these negative electrode
FP__ 176534 materials form an alloy with lithium (L1) and
change their structure when storing lithium 1ons. In a case
where graphite 1s used as a negative electrode active material,
lithium 10ns are intercalated into the interlayers of graphite.
This itercalation reaction reduces the volume expansion
caused by the storage of lithtum 1ons to about 1.1 times. In
contrast, 1 S1 stores lithium 101ns to 1ts maximum capacity, the
negative electrode active material 1s theoretically expanded
about 4 times more than before the storage. When the negative
clectrode active material 1s greatly expanded due to the stor-
age of lithtum 10ns 1n this manner, the active matenal particles
may be broken or the active material layer may be peeled off
from the current collector layer, thereby decreasing the con-
ductivity 1n the negative electrode. The decrease 1n the con-
ductivity of the negative electrode leads to a decrease 1n
battery characteristics such as charge-discharge cycle char-
acteristics.

[0004] The peeling off of the active matenial layer can be
prevented, for example, by increasing the proportion of a
binder i1n the active material layer. However, this may
decrease the negative electrode capacity because the binder
does not contribute to charge-discharge reactions.

[0005] Under such circumstances, various techniques have
been proposed 1n order to reduce the destruction of the active
material layer or a decrease 1n conductivity due to the expan-
sion of the active material 1n a negative electrode that uses a
high-capacity material such as S1 as an active material, which
stores lithium 1ons.

[0006] Forexample, Japanese Patent Unexamined Publica-
tion No. 2002-260637 discloses a negative electrode which 1s
formed by sintering a mixture of S1-containing active material
particles and conductive metal powder on the surface of a
current collector 1n a non-oxidizing atmosphere. The current
collector 1s composed of a metal fo1l or a conductive metal
powder which are made of copper or a copper alloy.
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[0007] In this negative electrode, however, the sintering
process of manufacturing causes the generation of a Cu—=>S1
compound which does not electrochemically react with L,
thereby decreasing the negative electrode capacity. Further-
more, the sintering 1s required to be performed at high tem-
peratures, making 1t likely that the copper used 1n the current
collector 1s melted or hardened. Such phenomena may
destroy the flexibility of the current collector, thereby inter-
tering with the formation of the electrode assembly.

[0008] Japanese Patent Unexamined Publication No. 2004 -
127561, on the other hand, discloses a negative electrode
including a current collector and a thin film formed thereon.
The current collector 1s made of a material that does not form
an alloy with L1, and the thin film 1s made of a metal that forms
an alloy with L1 or of an alloy containing the metal. In this
negative electrode, a negative electrode active material layer
having protrusions and depressions 1s formed selectively in a
predetermined pattern on the current collector by photoresist,
plating, and the like. The protrusions of the negative electrode
actrive material are columnar and surrounded by spaces that
absorb the volume expansion and avoid the destruction of the
negative electrode active material. This patent publication
turther discloses a secondary battery using the negative elec-
trode which includes a current collector and a negative elec-
trode active material layer formed 1n a pattern having protru-
sions and depressions on the current collector. The negative
clectrode active material layer 1s faced with a positive elec-
trode via a separator interposed therebetween in the same
manner as in the conventional batteries.

[0009] However, the manufacturing method of a negative
clectrode thus structured requires the formation of a photo-
resist mask used to pattern the negative electrode active mate-
rial layer. This complicated pretreatment leads to a reduction
in productivity.

[0010] Moreover, the current collector 1s required to have
strength sufficient to be handled 1n these manutfacturing pro-
cesses. Therefore, the current collector should have a thick-
ness over several micrometers corresponding to 50% or more
of the thickness of the negative electrode active material
layer, which decreases the volumetric efficiency or packing
cificiency 1n the battery. As 1t gets thicker, the current collec-
tor becomes less flexible. Therefore, when the negative elec-
trode active material layer 1s repeatedly expanded and con-
tracted during charge and discharge, the negative electrode
active material and the current collector are likely to be peeled
off from each other. As a result, the current collector becomes
hard to hold the negative electrode, thereby reducing current
collection performance.

SUMMARY OF THE INVENTION

[0011] Thenegative electrode for a secondary battery of the
present invention includes: a separator; a negative electrode
active material layer which 1s fixed to the separator and stores
and emits lithium 1ons; and a current collector layer formed
on the side of the separator opposite to the negative electrode
active material layer. The negative electrode active material
layer contains at least one selected from the group consisting
of silicon, silicon alloys, compounds containing silicon and
oxygen, compounds containing silicon and nitrogen, com-
pounds contaiming silicon and fluorine, tin, tin alloys, com-
pounds containing tin and oxygen, compounds containing tin
and nitrogen, and compounds containing tin and fluorine. In
this structure, the negative electrode active material 1s fixed to
the separator by forming the negative electrode active mate-
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rial layer having a high capacity density directly on the sepa-
rator. As a result, the negative electrode active material layer
and the separator can be treated as one unit. In addition, the
formation of the current collector layer on the negative elec-
trode active material layer eliminates the need to handle the
current collector solely, thereby allowing the thickness of the
current collector to be as small as several micrometers or less.
This prevents a significant reduction 1n the volumetric etfi-
ciency or packing efficiency in the battery. Furthermore, 1n
the negative electrode thus integrated with the separator, the
negative electrode current collector 1s thin enough to keep its
flexibility.

[0012] The method for manufacturing a negative electrode
for a secondary battery of the present invention includes a step
of forming a negative electrode active material layer on a
separator by a gas-phase process, and a step of forming a
current collector layer on the negative electrode active mate-
rial layer by a gas-phase process. The alorementioned nega-
tive electrode for a secondary battery can be obtained with
this manufacturing method.

[0013] The secondary battery of the present nvention
includes: a negative electrode which has a negative electrode
active material layer made of one of the alforementioned
materials; a positive electrode which 1s disposed oppositely to
the negative electrode via a separator interposed therebe-
tween and stores and emits lithtum 10ns; and an electrolyte
which 1s at least contained 1n the separator so as to conduct
lithium 10ns. This structure achieves a secondary battery that
has a high cell performance due to a negative electrode active
material with a high capacity density and that has improved
durability against charge-discharge cycles.

[0014] The method for manufacturing a secondary battery
of the present ivention includes the aforementioned two
steps of manufacturing the negative electrode, a step of form-
ing a positive electrode storing and emitting lithium 1ons on
the side of the separator opposite to the negative electrode
active material layer, and a step of at least impregnating the
separator with a lithtum-1on conductive electrolyte solution.
The atorementioned secondary battery can be obtained by
this manufacturing method.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] FIG. 1 1s a schematic sectional view showing a
structure of a secondary battery according to a first exemplary
embodiment of the present invention.

[0016] FIG. 2A 1s a schematic sectional view showing a

step of a method for manufacturing the negative electrode
shown 1n FIG. 1.

[0017] FIG. 2B 1s a schematic sectional view showing a
step following the step of FIG. 2A.

[0018] FIG. 2C 1s a schematic sectional view showing a
step following the step of FIG. 2B.

[0019] FIG. 3 1s a schematic sectional view showing
another structure of the secondary battery according to the
first exemplary embodiment of the present invention.

[0020] FIG. 4 1s a schematic sectional view showing a
structure of a negative electrode for a secondary battery
according to a second exemplary embodiment of the present
invention.

[0021] FIG. 5 1s a schematic sectional view showing a
structure of a negative electrode for a secondary battery
according to a third exemplary embodiment of the present
invention.
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[0022] FIG. 6A shows an optical microscope image of
Example 1 according to the exemplary embodiments of the
present invention.

[0023] FIG. 6B 1s a schematic diagram showing a planar
structure of the optical microscope 1mage of FIG. 6 A.

[0024] FIG. 7A shows an optical microscope 1mage of
Example 4 according to the exemplary embodiments of the
present 1nvention.

[0025] FIG. 7B 1s a schematic diagram showing a planar
structure of the optical microscope 1mage of FIG. 7A.

[0026] FIG. 8 1s a schematic sectional view showing a
structure of a secondary battery of Comparative Example.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

[0027] The preferred embodiments of the present invention
are described as follows with reference to drawings. In each
embodiment, similar components are labeled with same ret-
erence numerals with respect to previous embodiments, and
the description of these components may not be repeated.

First Exemplary Embodiment

[0028] FIG. 1 1s a schematic sectional view showing a
structure of a secondary battery according to a first exemplary
embodiment of the present invention. The secondary battery
has positive electrode 1, negative electrode 2, and separator 3
which 1s made of a microporous film with micropores and
interposed between positive electrode 1 and negative elec-
trode 2. Positive electrode 1 includes positive electrode active
material layer 4 and positive electrode current collector 5.
Negative electrode 2, which 1s formed on separator 3,
includes negative electrode active material layer 6 fixed on
separator 3, metallic current collector layer 7 as a current
collector layer formed on negative electrode active material
layer 6, and drawing electrode 8. In negative electrode active
material layer 6, a plurality of columns with grooves 9 formed
therebetween are provided on separator 3.

[0029] Separator 3 contains a lithium-1on conductive elec-
trolyte. In other words, the electrolyte 1s impregnated at least
in separator 3. Negative electrode active matenal layer 6 fixed
on separator 3 contains at least one selected from the group
consisting of elemental substance of silicon, silicon alloys,
compounds containing silicon and oxygen, compounds con-
taining silicon and nitrogen, compounds containing silicon
and fluorine, elemental substance of tin, tin alloys, com-
pounds containing tin and oxygen, compounds containing tin
and nitrogen, and compounds containing tin and fluorine.
Positive electrode active maternial layer 4 contains a com-
pound capable of storing and emitting lithium 1ons.

[0030] In the present invention, the expression “negative
clectrode active material layer 6 1s fixed to separator 3” means
that negative electrode active matenal layer 6 and separator 3
do not move 1n relative position as a result of being fixed to
cach other by the intermolecular force between their constitu-
ent materials or by the contact between their rough surfaces.

[0031] Theltollowingisadescription of amethod for manu-
facturing negative electrode 2 and a method for manufactur-
ing a secondary battery using negative electrode 2 according
to the present exemplary embodiment. The method for manu-
facturing the secondary battery according to the present
exemplary embodiment includes the following four steps A to

D.
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[0032] A) forming negative electrode active material layer
6 on separator 3 by a gas-phase process;

[0033] B) forming metallic current collector layer 7 on
negative electrode active material layer 6 by a gas-phase
pProcess;

[0034] C) providing positive electrode 1 capable of storing
and emitting lithium 10ns on the side of separator 3 opposite
to negative electrode active material layer 6; and

[0035] D)impregnating at least the micropores of separator
3 with a lithium-10n conductive electrolyte.

[0036] FIGS. 2A to 2C show steps of the method for manu-
facturing negative electrode 2 of the non-aqueous electrolyte
secondary battery of the present exemplary embodiment.
FIG. 2A 1s a schematic sectional view showing a state 1n
which negative electrode active material layer 6 1s formed on
separator 3. FIG. 2B 1s a schematic sectional view showing a
state 1n which metallic current collector layer 7 1s formed on
negative electrode active material layer 6 of FIG. 2A. FIG. 2C
1s a schematic sectional view showing a state 1n which draw-
ing electrode 8 1s formed on negative electrode 2 of FIG. 2B.

[0037] As shown in FIG. 2A, a thin {ilm of negative elec-
trode active material layer 6 1s fixed on separator 3. In the
same manner as in general secondary batteries, separator 3 1s
required to have electrolyte resistance, electrochemaical oxi-
dation resistance, and suificient porosity to provide an opti-
mum permeability for the lithium ions i the electrolyte.
Separator 3 used in the present invention 1s further required to
ensure negative electrode active material layer 6 to be fixed on
its surface. More specifically, negative electrode active mate-
rial layer 6 should be fixed on the surface of separator 3
without damaging the micropore structure or strength of
separator 3 by the heat generated during a thin film forming
process such as a gas-phase process. The heat load generated
during the formation of the thin film of negative electrode
active material layer 6 changes depending on the thin film
deposition rate or the distance between the film deposition
source and the separator. Therefore, 1t 15 effective that the
separator 1s cooled as necessary or made of a material resis-
tant to high temperatures of 200° C. or higher 1n order to
prevent the damage of the micropore structure and strength of
separator 3. Thus, separator 3 i1s preferably provided with a
heat resistance layer resistant to temperatures of 200° C. or
higher.

[0038] Separator 3 1s provided thereon with materials for
negative electrode active material layer 6 and metallic current
collector layer 7 each having electronic conductivity by the
thin film forming processes. If these electronically conduc-
tive materials enter the micropores of separator 3 and deposit
on the wall 1n the micropores, there may be a short circuit
between positive electrode 1 and negative electrode 2. To
avold this, separator 3 preferably has three dimensional
micropores which are provided passing through separator 3
from the side of negative electrode active material layer 6 to
the side of positive electrode 1 and do not allow the electroni-
cally conductive maternials to permeate to the opposite side
when separator 3 1s seen 1n a plan view. In a case where such
a separator having the three dimensional micropores 1s used,
when an electronically conductive material 1s formed from
the side of negative electrode 2 by the thin film forming
process, the material particles do not reach the side ol positive
clectrode 1. As a result, no short circuit occurs between posi-
tive electrode 1 and negative electrode 2.

[0039] From the aforementioned viewpoint, separator 3
used 1n the present ivention 1s preferably made of a
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microporous {ilm having micropores, a fine fiber nonwoven
cloth, or a material obtained by combining them by heat
treatment. Particularly preferred among them 1s a
microporous 1ilm having micropores. Microporous films
made of a polyolefin material such as polypropylene and
polyethylene are further preferred. Separator 3 1s also prefer-
ably resistant to temperatures of 200° C. or higher by having
a heat resistant material on 1ts surface. The micropores have
an average diameter of, for example, 0.01 to 0.2 um, and a
maximum diameter of 1 um or below. Note that these numerti-
cal values are only an example and the present invention can
be implemented using a separator having other pore diam-
eters.

[0040] Considering the 10n conduction resistance of sepa-
rator 3 containing the electrolyte solution, the preferable
range of the micropores 1s 0.04 um or more and 0.12 um or
less. In other words, separator 3 preferably has a Gurley value
of 300 seconds or more and 1500 seconds or less when mea-
sured according to JIS P8117. The thickness of separator 3
can be arbitrarily set, and 1s, for example, 10 to 100 um. Thus,
well-known materials as a separator of the lithtum secondary
battery can be used.

[0041] The following 1s a description of negative electrode
active material layer 6. Negative electrode active material
layer 6 1s made of a material capable of storing and emitting
lithium 10ns, such as S1, Sn, an oxide thereof, a nitride thereof,
or a fluoride thereof. Particularly preferred among them 1s a
Si-containing material because of 1ts high capacity density
and 1ts remarkable degree of improvement 1n durability. Si
and Sn are elements having oxidative and nitrative activities,
so that they may come 1nto contact with the electrolyte and the
like during the manufacture of the battery, and may contain
oxides or nitrides. However, the presence of oxides or nitrides
in negative electrode active material layer 6 does not affect the
negative electrode capacity or durabaility.

[0042] The thin film of negative electrode active material

layer 6 formed on separator 3 can have any thickness, but
preferably 1 um to 50 um, considering the balance with posi-
tive electrode 1 and the utilization of the negative electrode
active material. The thin-film forming process used to fix
negative electrode active material layer 6 on separator 3 1s
preferably a thin-film forming process generally called a gas-
phase process such as deposition, sputtering, spraying, or
CVD. Among them, deposition 1s the most efficient to form
negative electrode active material layer 6 with stable proper-
ties.

[0043] When formed on separator 3 by the thin-film form-
ing process, negative electrode active material layer 6 1s
formed so as to have 1sland structure as shown in FIGS. 1 and
2. Negative electrode active material layer 6 1s 1n a state where
columns are standing on separator 3, and 1s divided 1nto a
plurality of blocks 6B formed in an wrregular pattern. These
columnar blocks are provided with grooves 9 therebetween
formed 1n an 1rregular pattern and opened to the side opposite
to separator 3. Negative electrode active matenal layer 6 thus
formed like 1slands can be obtained without being masked
with a photoresist; thereby the manufacturing process 1s sim-
plified. According to the aforementioned manufacturing
method, grooves 9 have a width of 10 um to 100 um. Blocks
6B which are formed like 1slands and surrounded by grooves
9 have a maximum diameter of 10 um to 300 um, and are 1n
the irregular pattern. Negative electrode active material layer
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6 15 thus formed so as to have 1sland structure probably due to
the strong intluence of the surface condition of separator 3 on
which the thin film 1s formed.

[0044] Grooves 9 absorb the volume change of negative
clectrode active material layer 6 caused by 1ts expansion and
contraction during the charge-discharge cycles. Conse-
quently, grooves 9 reduce the followings: the stress caused 1n
negative electrode active material layer 6; the destruction of
negative electrode active material layer 6; and the peeling off
between negative electrode active material layer 6 and metal-
lic current collector layer 7 fixed to each other. This results 1n
an 1mprovement in charge-discharge cycle characteristics
when used 1n a battery.

[0045] Blocks 6B of negative electrode active material
layer 6 and grooves 9 therebetween can have various shapes
depending on the material of separator 3, the conditions of the
thin-film forming process, the thickness of the thin film to be
formed, and the like. For example, grooves 9 can be com-
pletely empty to expose separator 3 on the bottom thereof; a
layer connected to adjacent blocks 6B of negative electrode
active matenial layer 6 1s formed at the bottom of grooves 9; or
negative electrode active material layer 6 1s deposited on a
part 1n each of grooves 9. These states have similar effects to
reduce the stress of negative electrode active material layer 6.

[0046] Alternatively, as shown in the sectional view of FIG.
3, it 1s preferable to provide negative electrode active material
layer 6 A having blocks 6B connected to each other via layer
6C formed 1n grooves 9. Connecting blocks 6B to each other
provides a state 1n which negative electrode active material
layer 6A 1s enfirely brought into conduction as well as
through metallic current collector layer 7. The conduction
reliability between blocks 6B 1s thus improved and the inter-
nal resistance due to negative electrode active material layer
6A 1s reduced. As a result, current collection effects are
increased. This structure can be obtained by depositing the
negative electrode active material in milder conditions than in
the formation of the island-like negative electrode active
material layer, for example, by setting a lower deposition rate
than the state shown 1n FIG. 2A.

[0047] The average thickness of layer 6C formed 1n
grooves 9 1s preferably 15 or less and more preferably V1o or
less than the average thickness of blocks 6B. When the aver-
age thickness of layer 6C exceeds s, the aforementioned
stress-reducing etlects are msulficient. In addition, the aver-
age thickness of layer 6C 1s preferably larger than the larger
one of 100 of the average thickness of blocks 6B and 0.1 um.
When the average thickness of layer 6C 1s below this, the
alforementioned current collection effects cannot be obtained.

[0048] It 1s possible to expand separator 3 1n an optional
direction after negative electrode active material layer 6 1s
formed thereon. This can increase the width of grooves 9
without causing the peeling-oif of negative electrode active
material layer 6. In other words, such expansion can increase
the effect of reducing the stress of negative electrode active
material layer 6 caused by 1ts expansion and contraction.

[0049] A process of forming metallic current collector
layer 7 on negative electrode active material layer 6 thus
formed 1s described as follows with reference to FIG. 2B.

[0050] Metallic current collector layer 7 1s preferably made
ol a metal such as nickel and copper that 1s at least hard to
form an alloy with lithium. This prevents metallic current
collector layer 7 from forming an alloy with lithium so as to
have stable properties. In a case where metallic current col-
lector layer 7 1s used solely as a current collector, metallic
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current collector layer 7 1s preferably formed contiguously
both on negative electrode active material layer 6 and on
separator 3 at the bottom of grooves 9 as shown 1n FIG. 2B.

[0051] Metallic current collector layer 7 can be formed by
any method, but 1s preferably formed by a thin film forming
process mncluding a gas-phase process such as deposition,
sputtering, plasma spraying, and CVD. Especially preferred
among them 1s deposition because it can avoid excessive
application o the current collector material and form metallic
current collector layer 7 uniformly even on the bottom of
grooves 9 of negative electrode active matenal layer 6.

[0052] Metallic current collector layer 7 can have any
thickness, and preferably formed thin because both negative
clectrode active material layer 6 and separator 3 are deform-
able. Such thin metallic current collector layer 7 can be
obtained by the thin film forming process. Therefore, 1t 1s
unnecessary to use a conventional current collector of 10 um
or thicker, and it 1s preferable to make the thickness, for
example, about 2 um, which 1s the level required for current
collection. Such a thickness reduction 1s effective to increase
the energy density, packing elliciency, or capacity density of
the battery. More specifically, as metallic current collector
layer 7 1s thinner, 1t becomes more adaptable to deformation
of negative electrode active material layer 6, thereby reducing
the peeling-ofl from negative electrode active material layer
6. However, when metallic current collector layer 7 1s too
thin, the resistance value 1s increased to reduce current col-
lection effects. Furthermore, an extremely thin portion of
metallic current collector layer 7 may be broken when nega-
tive electrode active material layer 6 1s expanded. To avoid
these problems, the preferable thickness of metallic current
collector layer 7 1s 1 um or more and 6 um or less.

[0053] Next, as shown 1 FIG. 2C, drawing electrode 8 i1s
formed on metallic current collector layer 7. Drawing elec-
trode 8, which 1s formed as necessary, 1s preferably made of
nickel or copper which 1s the same as metallic current collec-
tor layer 7. Drawing electrode 8 1s formed on metallic current
collector layer 7 by welding or bonding with a conductive
carbon resin. Through these processes as described above,
negative electrode 2 1s completed.

[0054] Next, positive electrode 1 and the electrolyte
impregnated into separator 3 are described as follows. Nega-
tive electrode active material layer 6 stores lithium 1ons dur-
ing charge and emits them during discharge. Therefore, posi-
tive electrode active material layer 4 1s preferably made of a
compound that emits lithtum 1ons during charge and stores
them during discharge and that shows a higher reversible
potential than lithtum. Examples of the material having such

characteristics include various lithtum-containing composite
oxides such as L.1CoQO,, LiN10,, and LLiMn,O,.

[0055] Positive electrode 1 can be prepared by a thin film
forming process such as a gas-phase process 1in which the
material of positive electrode active material layer 4 1s
directly applied as a thin film to positive electrode current
collector 5, which 1s a conductive substrate. Alternatively,
positive electrode 1 can be formed by preparing a slurry
mixture contaimng the aforementioned positive electrode
active material, applying 1t to a current collector made of
aluminum foil or the like, and drying 1t. The mixture 1s pre-
pared by adding a conductive material such as carbon black,
a binder, and an organic solvent such as N-methylpyrrolidone
(NMP) and mixing them. Specific examples of the binder
include fluoresin such as polyvinylidene fluoride (PVdF),
polytetrafluoroethylene (PTFE), and a copolymer of
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hexafluoropropylene (HFP). Positive electrode 1 can be
tformed by using positive electrode active materials and elec-
trode manufacturing technology used for conventional
lithium batteries.

[0056] On the other hand, the electrolyte impregnated into
separator 3 can be selected from a lot of electrolytes used 1n
general lithium secondary batteries. These electrolytes are
formed by combining a lithium-containing electrolyte with
various non-aqueous solvents such as y-butyrolactone, tet-
rahydrofuran, propylene carbonate (PC), ethylene carbonate
(EC), and ethyl methyl carbonate. The most preferable one 1s
a non-aqueous electrolyte solution obtained by dissolving
L1PF . as the electrolyte 1n a mixture solvent of EC and PC 1n
a volume ratio of 1:1.

[0057] The atorementioned structure can achieve a second-
ary battery improved in cell performance and durability to
charge-discharge cycles by using the negative electrode
active material having a high capacity density.

Second Exemplary Embodiment

[0058] The following 1s a description of a case where the
current collector layer of negative electrode 2 1s a combina-
tion of metallic current collector layer 7 made of copper or
nickel and carbon current collector layer 10. FIG. 4 1s a
schematic sectional view showing a structure of negative
clectrode 2 of a secondary battery according to a second
exemplary embodiment of the present mnvention.

[0059] In the same manner as in the first exemplary
embodiment, metallic current collector layer 7 1s formed both
on negative electrode active material layer 6 on separator 3
and on the bottom of grooves 9. In the present exemplary
embodiment, there 1s also provided carbon current collector
layer 10 on metallic current collector layer 7 and in grooves 9.
In other words, the current collector layer of the present
exemplary embodiment 1s formed of metallic current collec-
tor layer 7 and carbon current collector layer 10.

[0060] Metallic current collector layer 7 1s formed on nega-
tive electrode active material layer 6 and on separator 3 at the
bottom of grooves 9 including the inside of grooves 9, and
functions to collect current from negative electrode active
maternial layer 6. On the other hand, carbon current collector
layer 10 coats the earlier-formed metallic current collector
layer 7 and supports the current-collecting function of metal-
lic current collector layer 7. Grooves 9 having metallic cur-
rent collector layer 7 on their wall surfaces 1s filled with part
of carbon current collector layer 10 1n order to reduce the
stress ol negative electrode active material layer 6 as well as
to support the current collection performance. The part of
carbon current collector layer 10 can function to maintain the
shape of negative electrode active material layer 6. Even
when metallic current collector layer 7 1s broken by the stress
of negative electrode active material layer 6, the part of car-
bon current collector layer 10 can help the stable electron
transier between negative electrode active material layer 6
and metallic current collector layer 7.

[0061] Carbon current collector layer 10 can be formed by
a thin film forming process as similar to metallic current
collector layer 7. The formed thin film 1s a porous thin film
tformed of laminated carbon particles.

[0062] In FIG. 4, grooves 9 are not entirely filled with
carbon current collector layer 10. This structure 1s advanta-
geous when the expansion of negative electrode active mate-
rial layer 6 1s large because 1t ensures the space for the expan-
sion. On the other hand, 1t 1s preferred that grooves 9 are
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completely filled with carbon current collector layer 10 1n
order to ensure conductivity. In this manner, grooves 9 only
have to contain carbon current collector layer 10 and may or
may not be completely filled with carbon current collector
layer 10 depending on the degree of expansion of negative
clectrode active material layer 6.

[0063] Inthe first and second exemplary embodiments, the
lithium 10ns can enter negative electrode active material layer
6 only through the portion where negative electrode active
material layer 6 1s fixed to separator 3 because metallic cur-
rent collector layer 7 covers the columnar side surfaces of the
negative electrode active material.

Third Exemplary Embodiment

[0064] FIG. 5 1s a schematic sectional view showing a
structure of a negative electrode for a secondary battery
according to a third exemplary embodiment of the present
invention. The negative electrode with this structure differs
from the negative electrode of the second exemplary embodi-
ment 1n that carbon current collector layer 11 1s formed on
negative electrode active matenal layer 6 and metallic current
collector layer 12 is further formed thereon. In other words,
negative electrode active material layer 6 1s formed on sepa-
rator 3, and carbon current collector layer 11 1s formed so as
to cover negative electrode active material layer 6 and fill
grooves 9. Then, metallic current collector layer 12 1s formed
on carbon current collector layer 11. Thus, the same as 1n the
second exemplary embodiment, the current collector layer of
the present exemplary embodiment 1s formed of metallic
current collector layer 7 and carbon current collector layer 11.
[0065] In this structure, carbon current collector layer 11,
which 1s interposed between negative electrode active mate-
rial layer 6 and metallic current collector layer 12, functions
to transier electrons therebetween. As carbon current collec-
tor layer 11 1s a porous thin film, negative electrode active
material layer 6 and metallic current collector layer 12 are in
a weakly bonded state. However, even when negative elec-
trode active material layer 6 1s deformed due to expansion and
contraction, carbon current collector layer 11 slides to reduce
the stress ol negative electrode active material layer 6, thereby
keeping a good contact state between carbon current collector
layer 11 and negative electrode active material layer 6. Addi-
tionally, carbon current collector layer 11 can perform stable
clectron transfer with metallic current collector layer 12,
thereby improving cell performance.

[0066] Since carbon current collector layer 11 1s a porous
body, 1n a condition where carbon current collector layer 11 1s
thickly deposited 1n grooves 9, the lithium 10ns from positive
clectrode 1 can enter not only through the portion where
negative electrode active material layer 6 and separator 3 are
bonded to each other, but also through the wall surfaces inside
grooves 9. As a result, excellent high rate discharge charac-
teristics can be obtained. Carbon current collector layer 11
applied 1n grooves 9 not only reduces the deforming stress of
negative electrode active material layer 6 but also supports the
shape of negative electrode active material layer 6. Further-
more, in the same manner as 1n the second exemplary embodi-
ment, even 11 metallic current collector layer 12 1s broken by
the stress of negative electrode active material layer 6, carbon
current collector layer 11 can help the stable electron transfer
between negative electrode active material layer 6 and metal-
lic current collector layer 12.

[0067] In FIG. S, grooves 9 are not completely filled with
carbon current collector layer 11. This structure 1s advanta-
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geous when the expansion of negative electrode active mate-
rial layer 6 1s large because 1t ensures the space for the expan-
sion. On the other hand, 1t 1s preferred that grooves 9 are
completely filled with carbon current collector layer 11 1n
order to ensure conductivity. In this manner, grooves 9 only
have to contain carbon current collector layer 10 and may or
may not be completely filled with carbon current collector
layer 10 depending on the degree of expansion of negative
clectrode active matenal layer 6.

[0068] Hereinatter, the first to third exemplary embodi-
ments ol the present invention are described in specific
examples. Note that the present invention 1s not limited to
these examples.

EXAMPLE 1

[0069] Batteries of Example 1 are manufactured in accor-
dance with the first exemplary embodiment as follows. As
separator 3, 1s used a microporous film having a polyethylene
resin layer and polypropylene resin layers on both sides of the
polyethylene resin layer. The polyethylene resin layer 1s 8
um-thick and resistant to temperatures of 150° C., and each of
the polypropylene resin layers 1s 8 um-thick and resistant to
temperatures of 180° C. Separator 3 1s provided on a side
thereol with a S1 than film layer as negative electrode active
material layer 6. Negative electrode active material layer 6 1s
formed on separator 3 by deposition as follows. First, Si
placed as a deposition source material 1n vacuum equipment
1s exposed to 4 kW electron beam so as to be heated and
melted, thereby their depositing particles are deposited on
separator 3 used as a substrate. The pressure in the vacuum
equipment during deposition 1s set to 0.005 Pa and the depo-
sition 15 performed for eight minutes. Under such conditions
of the thin film forming process, the negative electrode active
material 1s deposited on separator 3. As a result, a thin film of
negative electrode active material layer 6 in an irregular pat-
tern 1s obtained so as to have a thickness of 10 um and
columns of 50 um to 200 um, and grooves 9 with an average
width of 30 um opened to the opposite side of separator 3. In
addition, one end of negative electrode active material layer 6
1s fixed to separator 3.

[0070] Next, acopper thin film as metallic current collector
layer 7 1s formed by deposition. An electron beam with 6 kW
1s used as a deposition heat source, the pressure 1in the vacuum
equipment 1s set to 0.005 Pa, and the deposition 1s performed
for four minutes. Under such conditions, negative electrode 2
1s obtained so as to have metallic current collector layer 7 with
an average thickness of 2 um. In negative electrode 2, metallic
current collector layer 7 has copper drawing electrode 8
attached to one end thereof.

[0071] Negative electrode 2 thus prepared 1s opposed to
positive electrode 1 having lithium cobalt oxide (L1C0QO,) as
the positive electrode active material with separator 3 inter-
posed therebetween, and placed 1n a case (umillustrated ) made
of an aluminum laminated film. The case 1s filled with an
clectrolyte so as to impregnate separator 3 with 1t, thereby
completing one of the secondary batteries.

[0072] Positive electrode 1 1s prepared as follows. First,
100 parts by weight of L1CoO, with an average particle diam-
eter of 5 um 1s mixed with 3 parts by weight of acetylene black
as a conductive agent. The resultant mixture 1s mixed with 4
parts by weight (in terms of PVdF weight ratio) of an NMP
solution of PVdF as a binder, and kneaded. The positive
clectrode mixture paste thus obtained 1s applied to a side of
positive electrode current collector 5 made of aluminum foil,
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dried and roll-pressed so as to complete positive electrode 1.
The electrolyte 1s anon-aqueous electrolyte solution prepared
by dissolving LiPF, at a concentration of 1 mol/dm” in a
mixture solvent of EC and PC 1n a volume ratio of 1:1.

EXAMPLE 2

[0073] Negative electrode 2 of Example 2 1s manufactured
in accordance with the second exemplary embodiment as
follows.

[0074] First, metallic current collector layer 7 made of cop-
per 1s formed on negative electrode active material layer 6
which 1s fixed on separator 3, and then carbon current collec-
tor layer 10 1s formed on metallic current collector layer 7.
Batteries of Example 2 are manufactured in the same manner
as those of Example 1 1n the other aspects. Carbon current
collector layer 10 1s formed by deposition using electron
beam heating 1n the same manner as in the formation of
metallic current collector layer 7. As a deposition source
material, carbon shaped 1n cylindrical form 1s used. The thick-
ness of the carbon current collector layer 10 1s set to about 2
um both 1n the region of forming the negative electrode active
material and 1n the grooves.

EXAMPLE 3

[0075] Negative electrode 2 of Example 3 1s manufactured
in accordance with the third exemplary embodiment as fol-
lows. First, carbon current collector layer 11 1s formed on
negative electrode active material layer 6 which 1s fixed on
separator 3, and then metallic current collector layer 12 1s
formed on carbon current collector layer 11. Batteries of
Example 3 are manufactured in the same manner as those of
Example 2 1n the other aspects. The thickness of the carbon
current collector layer 11 1s set to about 2 um both 1n the
region of forming the negative electrode active material and in
the grooves.

EXAMPLE 4

[0076] Negative electrode 2 of Example 4 1s prepared as
follows. After negative electrode active material layer 6 1s
formed on separator 3, separator 3 1s expanded by 10% 1n the
left-right directions. Then, metallic current collector layer 7 1s
formed thereon. Batteries of Example 4 are manufactured 1n
the same manner as those of Example 1 in the other aspects.
[0077] The surface condition of negative electrode 2 used
in Example 1 1s shown 1 FIGS. 6A and 6B. The surface
condition of negative electrode 2 used 1n Example 4 1s shown
in FIGS. 7A and 7B. FIGS. 6 A and 7 A are optical microscope
images, and FIGS. 6B and 7B are their schematic diagrams.
The images and diagrams 1ndicate that defective portions 13
of blocks 6B 1n Example 4 have a larger spacing therebetween
than 1n Example 1. It 1s also revealed that blocks 6B have a
larger spacing therebetween.

COMPARAITIVE EXAMPL.

T

[0078] Secondary batteries having the structure shown 1n
FIG. 8 are manufactured as Comparative Example. Negative
clectrode 21 1s formed of negative electrode current collector
235 and negative electrode active matenal layer 23 formed in a
pattern on negative electrode current collector 25. Positive
clectrode 26 1s formed of positive electrode active material
layer 277 and positive electrode current collector 28.

[0079] Negative electrode active matenial layer 23 of Com-
parative Example 1s prepared as follows. First, S11s deposited
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on a 5 um-thick copper substrate used as negative electrode
current collector 25 using a photoresist mask, thereby prepar-
ing negative electrode active material layer 23. Later, the
resist1s removed from negative electrode current collector 25,
and negative electrode active material layer 23 having a
columnar structure 1s patterned. The columnar structure is
formed of a plurality of 100 um square columns with 30
um-wide grooves therebetween.

[0080] Negative electrode 21 1s combined with separator 22
and positive electrode 26, which are structured in the same
manner, respectively, as separator 3 and positive electrode 1
of Example 1. Negative electrode 21 and positive electrode 26
are disposed opposite to each other in such a manner that
negative electrode active material layer 23 and separator 22
are 1n contact with each other, and placed 1n a case (unillus-
trated) made of an aluminum laminated film. Then, the case 1s
filled with the same non-aqueous electrolyte solution as used
in Example 1, thereby non-aqueous electrolyte secondary
batteries are completed.

[0081] The sample batteries thus manufactured are evalu-
ated as follows. The non-aqueous electrolyte secondary bat-
teries of Examples 1 to 4 and Comparative Example are
evaluated for charge-discharge cycle characteristics. The
charge-discharge cycle characteristics represent battery dura-
bility evaluated by placing these batteries 1n environmental
test equipment at 20° C. and repeatedly charging and dis-
charging them at a current of 0.1 CA 1n the range of 4.2V to
2.5V. The cycle number when the discharge capacity falls
below 50% of the 1nitial capacity during the charge-discharge
cycles 1s determined as the life of the batteries. Note that 0.1
CA mdicates a current value to discharge the design capacity
in 10 hours. The battery configuration overview and the cycle
numbers with respect to discharge capacity deterioration are
shown 1n Table 1.

TABL.

Ll
[

current

negative electrode active collector laver

material layer thick-
thickness ness life
formation (um) material (um)  (cycle)
Example 1 fixed to 10 copper 2 80
separator
Example 2 fixed to 10 copper 2 140
separator carbon 2
Example 3 fixed to 10 carbon 2 140
separator copper 2
Example 4 fixed to 10 copper 2 150
separator
and expanded
Comparative fixed to 10 copper 5 30
Example metal substrate
substrate
[0082] InComparative Example, negative electrode current

collector 25 1s made of a copper substrate having a thickness
of 5 um, which 1s the minimum thickness required to be
handled. In Examples 1 to 4, on the other hand, the current
collector consists of metallic current collector layer 7 or
metallic current collector layer 7 and carbon current collector
layer 10 each having a thickness of 2 um. Thus, the present
invention can reduce the entire thickness of the current col-
lector layer. Considering that these batteries have similar
discharge capacity, the capacity density of negative electrode
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2 1s ligher by 36% 1n Examples 1 and 4 and by 20% 1n
Examples 2 and 3 than 1n Comparative Example.

[0083] In the durability test to evaluate the charge-dis-
charge cycle characteristics, 50% or more of the 1nitial capac-
ity 1s obtained during 30 cycles in Comparative Example. In
contrast, 50% or more of the mnitial capacity 1s obtained
during 80 cycles 1n Example 1, 140 cycles in Examples 2 and
3, and 150 cycles 1n Example 4. Thus, all of Examples 1 to 4
show durability more than twice better than Comparative
Example. Some of the batteries of each of Examples 1 to 4 and
Comparative Example are decomposed after 30 cycles for
examination. As a result, in Comparative Example, the nega-
tive electrode active material 1s often observed to be broken
and also peeled off from current collector 25. In contrast, 1n
Examples 1 to 4, negative electrode active matenial layer 6 1s
observed to be hardly broken and kept 1n an electrical contact
with the current collector layer 1n almost all the region.
[0084] In Comparative Example, negative electrode active
matenal layer 23 having a columnar structure are patterned so
that the columns are arranged with spaces therebetween simi-
lar to Examples 1 to 4. However, negative electrode active
material layer 23 1s observed to be damaged by the volume
change and stress due to charge-discharge cycles or to be
peeled off from current collector 25. This 1s because negative
clectrode active matenal layer 23 1s fixed to current collector
25 having a low flexibility.

[0085] In Examples 1 to 4, in contrast, negative electrode
active material layer 6 fixed to separator 3 having flexibility 1s
used as a base. This allows separator 3 to highly support the
negative electrode active material. Furthermore, the current
collector layer, which 1s formed 1n a thin film, can be adapt-
able to the expansion and contraction of negative electrode
active material layer 6. In addition, carbon current collector
layers 10 and 11 and grooves 9 absorb the volume change of
negative electrode active material layer 6. It 1s likely that these
advantages cooperatively produce the effect of reducing the
stress of the negative electrode active material.

[0086] Intheexemplary embodiments of the present inven-
tion, the reduction in the thickness of the current collector
layer produces geometric eflects to increase the capacity
density of negative electrode 2. In addition, it becomes pos-
sible to use a metal such as S1 or Sn, an oxide thereol, a nitride
thereol, or a fluoride thereot as an active material which can
store and emit a large amount of lithium 1ons theoretically but
expand and contract greatly due to charge-discharge cycles.

INDUSTRIAL APPLICABILITY

[0087] The non-aqueous electrolyte secondary battery of
the present mnvention provides a new approach to improve the
energy density of lithtum secondary batteries, and 1s therefore
useiul not only to the battery industry but also to mimature
equipment powered by lithtum batteries.

1. A negative electrode for a lithium secondary battery

comprising;

a separator;

a negative electrode active matenal layer fixed to the sepa-
rator, the negative electrode active material layer being
capable of storing and emitting lithtum 10ns and contain-
ing at least one selected from a group consisting of
silicon, silicon alloys, compounds containing silicon
and oxygen, compounds containing silicon and nitro-
gen, compounds containing silicon and fluorine, tin, tin
alloys, compounds containing tin and oxygen, com-



US 2009/0017380 Al

pounds contaimng tin and nitrogen, and compounds
containing tin and fluorine; and

a current collector layer formed on a side of the negative
clectrode active material layer, the side opposite to the
separator, wherein

the negative electrode active material layer 1s provided
with a groove opened to a side opposite to the separator.

2. (canceled)

3. The negative electrode for a lithium secondary battery
according to claim 1, wherein

the current collector layer includes a metallic current col-
lector layer containing at least one of copper and nickel.

4. The negative electrode for a lithium secondary battery
according to claim 3, wherein

the current collector layer includes a carbon current col-
lector layer containing carbon.

5. The negative electrode for a lithium secondary battery

according to claim 4, wherein

the metallic current collector layer 1s formed on the nega-
tive electrode active material layer; and

the carbon current collector layer 1s formed on the metallic
current collector laver.

6. The negative electrode for a lithium secondary battery

according to claim 4, wherein

the carbon current collector layer 1s formed on the negative
clectrode active material layer; and

the metallic current collector layer 1s formed on the carbon
current collector laver.

7. The negative electrode for a lithium secondary battery
according to claim 1, wherein the separator 1s a microporous
film provided with micropores.

8. The negative electrode for a lithium secondary battery
according to claim 1, wherein the separator has a heat resis-
tance layer resistant to temperatures of at lowest 200° C. on a
side thereol, the side having the negative electrode active
material fixed thereto.

9. A lithium secondary battery comprising:

the negative electrode for a lithrum secondary battery
according to claim 1;

a positive electrode capable of reversibly storing and emut-
ting lithium 1ons; and

an electrolyte contained at least i the separator, the elec-
trolyte capable of conducting lithium 1ons.

10. A method for manufacturing a negative electrode for a

lithium secondary battery comprising:

A) forming a negative electrode active material layer on a
separator by a gas-phase process so as to have 1sland
structure, the negative electrode active maternial layer
being capable of storing and emitting lithtum 10ns and
containing at least one selected from a group consisting
of silicon, silicon alloys, compounds containing silicon
and oxygen, compounds contaiming silicon and nitro-
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gen, compounds containing silicon and fluorine, tin, tin
alloys, compounds containing tin and oxygen, com-
pounds containing tin and nitrogen, and compounds
containing tin and fluorine; and

B) forming a current collector layer on the negative elec-
trode active matenal layer by a gas-phase process.

11. The method for manufacturing a negative electrode for

a lithtum secondary battery according to claim 10, wherein

at least one of a metallic current collector layer containing

at least one of copper and nickel, and a carbon current

collector layer containing carbon 1s formed 1n Step B.

12. The method for manufacturing a negative electrode for

a lithium secondary battery according to claim 10, further
comprising;

expanding the separator after Step A.

13. A method for manufacturing a lithium secondary bat-

tery comprising:

A) forming a negative electrode active material layer on a
separator by a gas-phase process so as to have 1sland
structure, the negative electrode active material layer
being capable of storing and emitting lithium 10ons and
containing at least one selected from a group consisting,
of silicon, silicon alloys, compounds containing silicon
and oxygen, compounds containing silicon and nitro-
gen, compounds containing silicon and fluorine, tin, tin
alloys, compounds containing tin and oxygen, com-
pounds containing tin and nitrogen, and compounds
containing tin and fluorine;

B) forming a current collector layer on the negative elec-
trode active matenial layer by a gas-phase process;

C) providing a positive electrode on a side of the separator
opposite to the negative electrode active material layer,
the positive electrode being capable of storing and emiut-
ting lithium 10ns; and

D) impregnating at least the separator with an electrolyte
having a lithium-1on conductivity.

14. The method for manufacturing a lithium secondary

battery according to claim 13, wherein

at least one of a metallic current collector layer containing
at least one of copper and nickel, and a carbon current
collector layer containing carbon 1s formed in Step B.

15. The method for manufacturing a lithium secondary

battery according to claim 13, further comprising:

expanding the separator after Step A.

16. The method for manufacturing a negative electrode for

a lithium secondary battery according to claim 11, further
comprising:

expanding the separator after Step A.

17. The method for manufacturing a lithium secondary

battery according to claim 14, further comprising: expanding
the separator after Step A.
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